Ten years ago, Hannula et al. [1] provided a treatise on the utility of eyetracking as a method to investigate the cognitive neuroscience of memory. Of note were findings demonstrating that the expression of memory could be observed rapidly through the movements of the eyes, deficits in memory could be interrogated in special populations (young children, older adults, and neuropsychological cases, such as those with severe amnesia), for whom traditional response methods were not possible, and the same paradigms could be implemented across species, serving as a bridge across disciplines.
Since the time of the Hannula et al. review [1] , the inclusion of eyetracking methods in the study of memory has continued to grow, and with that growth, we have gleaned additional learnings regarding why and how eyetracking is a particularly useful tool to interrogate memory. Namely, the evolutionary history of both the oculomotor and the memory (the hippocampus and extended medial temporal lobe) systems [2] , as well as the strong structural and functional links between the systems [3, 4] , point to the oculomotor system as a natural effector system to reveal the development and expression of multiple facets of memory.
Eyetracking provides a means for understanding the nature of the information that is being processed on a moment-to-moment basis. Importantly, eyetracking does not merely reveal the external visual information that is being attended through foveal inspection; measures derived from eyetracking can also reveal the nature of the information that is being retrieved from memory, and when [5] . Findings from eyetracking have shown that multiple, distinct, memory representations may be retrieved, and possibly compete for prioritization in oculomotor guidance [6, 7] . Eyetracking measures are not simply redundant with other behavioral measures; rather, eyetracking gives a glimpse into varied cognitive states as they unfold in time, and are often independent of the overt responses that represent the output of extended cognitive processing. In fact, a recent theory suggests that eye movements are not merely a passive reflection of memory, but may be functionally relevant for the formation, retrieval, and reconstruction of memory [8] . In that sense, eyetracking may be a powerful tool to reveal the mechanisms critical for memory.
Evolutionary history of a unique effector system for memory
While the mechanisms ucicritical for human memory have been studied using tasks dependent on different effector systems (e.g. button responses, verbal recall), we consider here how the oculomotor system in primates is a special case of effector system in the context of hippocampal memory and broader cognitive function. We limit our discussion here to the primate (both human and nonhuman) because of the implications that foveal vision -as the primary sensory modality -has on neural processing within the oculomotor and hippocampal systems (for a discussion, see Refs. [3, 9] ). Unlike limb movements, eye movements have low energy requirements as there is little inertia for the extraocular muscles to overcome [10] . This allows foveate primates to make an extraordinary number of movements in a typical day (250 000/day) [11] . Research has shown how these movements are yoked to cognitive processes such as memory [9, 12] , attention [13] , and planning everyday actions [14] . Because of the timescale on which eye movements operate, they can serve as a window into the moment-bymoment unfolding of these processes [15] . Moreover, other effector systems rely on the visuo-oculomotor system for guidance -for example, limb movements are guided first by the eyes [16] [17] [18] .
An important consideration in the links between the eye movement and memory systems is the evolutionary history of each. Key neural components of each system, namely the superior colliculus [19] and the hippocampus [20], are phylogenetically old structures. Their homologues in early vertebrates suggest that some aspects of memory and visuo-oculomotor function, and the links between them, have been conserved over time. For example, it has been suggested that the hippocampal homologue in early vertebrates allowed for spatial navigation to be guided by 'cognitive maps' of familiar visual or olfactory stimuli [21 ] . Similarly, it has been suggested that the homologue to the superior colliculus (or the optic tectum in non-mammals) in early vertebrates was influenced by internal states, whereby a familiar odor or a novel visual stimulus could modulate orienting responses [22] . With the development of trichromatic foveal vision in anthropoid primates (a common ancestor of macaques and humans), hippocampal representations are thought to have undergone a dramatic change to specialize in visual scenes and spatial layouts that accompanied new and complex foraging behavior [2] . Supporting evidence has shown how these representations are unique to primates as compared to rodents, whereby hippocampal neurons that are referenced to gaze position rather than the body have been found in macaques [23 ] . Over time, the expansion and elaboration of existing neural circuits, especially of temporal and prefrontal association areas [24], may have resulted in the complex memory and oculomotor systems of modern primates. Below, we discuss how, as a result of this elaboration, the two systems have become densely interconnected in primates.
Advantages of eyetracking as a tool to study memory
There are findings from three main lines of research that speak to the advantages of using eyetracking to examine memory.
The oculomotor system is well connected to the hippocampal memory system First, as reviewed in more detail elsewhere [9] , findings from macaques show that the hippocampal and the oculomotor systems are well-connected structurally and functionally. Although there are no monosynaptic connections between the subregions of the hippocampus and regions that are important for the cognitive control of eye movements (anterior cingulate cortex, ACC; dorsolateral prefrontal cortex, dlPFC; frontal eye fields, FEF), there are multiple monosynaptic connections between the broader regions of the medial temporal lobe (MTL) and the oculomotor system [3] . There are also numerous disynaptic connections between hippocampal subregions and the ACC, dlPFC and FEF that span other temporal, frontal, and parietal regions, and numerous pathways from the FEF back to the MTL and subregions of the hippocampus [3] . Many of these structural pathways are also functionally relevant, as shown by a model of the functional dynamics of the two systems [25] . That is, when activity in the hippocampus and broader MTL is simulated, there is propagation of such activity throughout the cortex and ultimately observable within the oculomotor system (ACC, dlPFC, FEF) within the span of a typical gaze fixation [25] . Given the extensive interface between the two systems, eye movements can be considered as an effective input and output mechanism that allows for the development and interrogation of memory.
Eye movements distinguish representations from decisions
A second advantage that eyetracking provides is the ability to divorce the expression of memory from the task decision or response. As reviewed in Hannula et al. [1] , patterns of eye movements can reveal the influence of memory long before an overt response is made [5] , when there is a lack of conscious awareness for the content within the memory representation [26, 27] , and when the task demands do not require any overt response [28, 29] . More recent research has demonstrated that eye movement patterns reveal the true nature of a viewed stimulus -that is, whether the stimulus is novel or has been previously viewed -despite the intention to conceal knowledge [30, 31, 32 ] , or before overt responses reveal susceptibility to ongoing, and incorrect, biases [12, 33, 34] . Eyetracking indices of memory are also not confounded by a viewer's education or language expertise that may otherwise influence overt, verbal, responses [35] . Eye movements may then be less prone to bias or other error in order to provide a truer reflection of the state of memory [34] .
Eye movements reveal multiple representations
A third advantage that eyetracking brings to the study of memory, and to the study of cognition more generally, is the revelation of multiple, distinct, representations on ongoing processing [6] . For instance, aspects of the eye movement record may be sensitive to the repetition of a stimulus (e.g. decreases in visual exploration with each viewing), whereas other aspects of the eye movement record are sensitive to the relative spatial arrangements of the features or elements within the stimulus (e.g. increased viewing to an altered region). Both kinds of memory representations can be observed within the same eye movement record, and they dissociate in the amnesia [6, 26, [36] [37] [38] .
Given that eye movements can reveal the development and use of multiple representations online, experimenters can then study the prioritization of different classes of representations across time. For example, schematic information maintained in semantic memory can drive visual exploration to regions of an external stimulus that are either consistent or inconsistent with prior knowledge [39] . Likewise, recent, episodic, experience can lead eye movements to find targets in previously occupied locations. However, in some visual search paradigms, the knowledge that is maintained within a schema is inconsistent with episodic experience, leading to a conflict in the representations that may guide oculomotor behavior, and a shift in the prioritization of the representations depending on the task goals [7] .
Eyetracking findings challenge reigning memory theories
Through the inspection of eye movement patterns, the influence of multiple representations can be ascertained separately from the task response or decision. This ability to probe memory representations, independent of the memory decision, has allowed findings from eyetracking studies to challenge the status quo in memory theory. As a result, studies that use eyetracking have created a shift in the field's collective thinking regarding the function of the hippocampus, and the nature of the deficit in amnesia. As noted by Hannula et al. [1] , eyetracking research challenged the reigning notion that the representations developed by the hippocampus were, by definition, available for conscious introspection. Instead, relational information can be encoded into a lasting memory representation, and subsequently retrieved, outside of the confines of conscious awareness [40 ,41] , yet such viewing effects indicative of relational memory have been largely absent in hippocampal amnesia [37] . As a result, findings from eyetracking were used to argue that the hippocampus has a critical role in the development of relational representations, irrespective of whether such information is encoded or subsequently accessed with concomitant conscious awareness [27] . Since these initial studies, additional eyetracking research has shown that the information that is used to guide the eyes on a moment-to-moment basis, and that may be tied to the functions of the hippocampus and broader MTL, include representations regarding the spatial and temporal relations among elements [42, 43, 44 ] , and the spatial relations among features within a distinct object [45] . Consequently, current ideas regarding the nature of hippocampal function are shifting to suggest that hippocampal representations are used in service of multiple cognitive operations beyond long-term memory [46, 47] and that the cognitive changes arising from hippocampal dysfunction may be quite pervasive.
Hippocampal and MTL representations are used in service of cognitive operations beyond long-term memory
A long-standing debate in the field of memory concerns whether the representations that are formed by the hippocampus and extended MTL are used in service of other functions beyond 'memory' [46, 48, 49] , including perception [50, 51] . It is clear from eye movement studies of change detection, scene and object perception, visual search, as well as studies that specifically probe memory, that previously stored information is used in the moment to guide viewing, thereby altering what external information may enter into perceptual processing at any given moment [9] . Some examples include: 1) viewing to informative areas of an object that represent the conjunction of features, in the absenceofanymemorytask,isrelatedtovolumeswithinthe anterolateral entorhinal cortex [45] , and 2) during visual search tasks, amnesic cases with hippocampal and/or extended MTL dysfunction must return their gaze to a previously visited region with a display more often than control participants, suggesting that they are not building representations regarding viewed elements within a display that could otherwise promote efficient viewing [29, 52] .
Hippocampal and MTL deficits are pervasive
The aforementioned findings also challenge the notion that the nature of the cognitive deficit in amnesia and in other conditions of hippocampal dysfunction is limited to the realm of 'memory'. Instead, findings from eyetracking research suggest that the impact of hippocampal damage or dysfunction may be more pervasive than once thought; namely that hippocampal and/or MTL dysfunction may alter the nature by which processing occurs in the moment [53] . That is, the way in which the visual world is explored over time may be fundamentally changed when the representations mediated by the hippocampus and MTL are not available. Specifically, we suggest that hippocampal and/or MTL dysfunction will have the greatest impact on visual exploration when the visual world is particularly complex, and/or when the requisite task demands require information regarding features, objects, and their respective spatial and temporal relations to be maintained, even over brief periods of time [50, 54] .
The functional role of eye movements in memory
Decades of research that show the expression of memory through eye movements have led to the question of whether eye movements are merely a passive reflection of memory, or if they actively contribute to the formation and retrieval of memories. Eye movements are clearly important for the formation of memories [55 ] . Gaze fixations during encoding are related to functional activity in the hippocampus, and to neural markers of memory formation (i.e. repetition suppression) [4] , and restricting eye movements during encoding negatively impacts subsequent memory [55 ,56] . More recent evidence notes the important use of eye movements to maintain memory and support memory decisions at retrieval. Viewers use their eye movements to rehearse, across a delay and to a blank screen, the relative spatial positions of objects in anticipation of responses that are to be made in a change detection task [57, 58] . Viewers also spontaneously revisit the now-empty spatial locations to support recall of previously viewed information that had been located in those specific spatial locations [59, 60] . Such findings suggest that eye movements are not merely epiphenomenal; rather, they are used to reinstate the broad spatiotemporal encoding context (gaze reinstatement) that facilitates the retrieval of further details from memory [8] . This notion of gaze reinstatement, and that eye movements may be functional for memory retrieval as well as encoding, harkens back to the early writings from Noton and Stark [61] who suggested that the eye movement pattern is indeed part and parcel of the memory representation itself. It is unclear if the effector pattern is stored as a feature within the memory representation, or if is stored separately, but is yet bound to the matching memory representation in such a fashion that it can be flexibly used to recapitulate details from memory. Additionally, the quantity and nature of the effector pattern recapitulation that are required to support overt decisions of memory remain open questions. Thus, findings from eyetracking bring forward broader questions about the role of the effector systems and effector patterns in the development and retrieval of, and inclusion within, memory representations formed by the hippocampus and extended MTL system [9] .
Concluding remarks
The influence of multiple memory representations on visual exploration can be observed over time, providing insight into the nature of the information that is used to guide further action and responses. Work remains to understand how distinct mnemonic representations are prioritized in the guidance of visual exploration, and how that prioritization may flexibly shift with task demands and ongoing experience. It is clear that eye movements reflect the use of information that has been maintained in memory. Research over the past decade has brought forward a promising new area of research that considers the oculomotor system as a unique effector system for memory. Due to their phylogenetic age, and vast structural and functional interactions between the two systems, eye movements may be functional for the development and formation of memories, as well as for the retrieval and reconstruction of previously stored information.
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